Cortical subpial demyelination is frequent in multiple sclerosis (MS) and is closely associated with disease progression and poor neurological outcome. Although cortical lesions have been difficult to detect using conventional MRI, preliminary data using T2*-weighted imaging at ultra-high field 7 T MRI showed improved sensitivity for detecting and categorizing different histological types of cortical MS lesions. In this study we combined high-resolution 7 T MRI with a surface-based analysis technique to quantify and map subpial T2*-weighted signal changes in seventeen patients with MS. We applied a robust method to register 7 T data with the reconstructed cortical surface of each individual and used a general linear model to assess in vivo an increase in subpial T2*-weighted signal in patients versus age-matched controls, and to investigate the spatial distribution of cortical subpial changes across the cortical ribbon. We also assessed the relationship between subpial T2* signal changes at 7 T, Expanded Disability Status Scale (EDSS) score and white matter lesion load (WMLL). Patients with MS showed significant T2*-weighted signal increase in the frontal lobes (parsopercularis, precentral gyrus, middle and superior frontal gyrus, orbitofrontal cortex), anterior cingulate, temporal (superior, middle and inferior temporal gyri), and parietal cortices (superior and inferior parietal cortex, precuneus), but also in occipital regions of the left hemisphere. We found significant correlations between subpial T2*-weighted signal and EDSS score in the precentral gyrus (ρ = 0.56, P = 0.02) and between T2*-weighted signal and WMLL in the lateral orbitofrontal, superior parietal, cuneus, precentral and superior frontal regions. Our data support the presence of disseminated subpial increases in T2* signal in subjects with MS, which may reflect the diffuse subpial pathology described in neuropathology.
Introduction
Post mortem examinations of MS brains consistently show that cortical subpial demyelination is frequent and extensive in multiple sclerosis (MS), and is closely associated with poor neurological outcome (Kutzelnigg and Lassmann, 2006; Magliozzi et al., 2007) . The ability to detect and quantify subpial demyelination in vivo is needed to provide more definitive evidence of its role in the pathogenesis and evolution of MS.
While the contributions of both white matter (WM) macroscopic lesions and normal appearing WM (NAWM) damage to clinical outcome in patients with MS have been extensively studied by conventional and non conventional MR techniques, the study of cortical subpial pathology in MS is constrained by the limitations of existing methods: histology can evaluate small cortical lesions and demyelination with great sensitivity, but is difficult to achieve for whole brain assessment; conventional MRI does not have the spatial resolution and contrast to detect and characterize the different types of cortical plaques described by neuropathology, including the important class of subpial lesions (Geurts et al., 2008; Kangarlu et al., 2007) . Recent improvement in MR technology, using fluid-attenuated inversion recovery (FLAIR) and double-inversion recovery (DIR) imaging, has increased the potential to directly visualize cortical plaques in patients with MS, demonstrating that cortical lesions are a particularly good surrogate of clinical disability in MS (Calabrese et al., 2010; Pirko et al., 2007; Pulizzi et al., 2007; Sanfilipo et al., 2005; Tedeschi et al., 2005; Tjoa et al., 2005) . The notion that gray matter (GM) involvement is a strong predictor of clinical status in MS is also supported by neuroimaging studies that assessed different aspects of cortical pathology including atrophy and magnetization transfer (Derakhshan et al., 2009; Stadelmann et al., 2008) .
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NeuroImage j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / y n i m g Cortical lesions have been imaged with improved sensitivity ex vivo (Kangarlu et al., 2007; Pitt et al., 2010; Schmierer et al., 2010; Tardif et al., 2010) and in vivo (Kollia et al., 2009; Mainero et al., 2009 ) using ultra-high field systems (≥7 T), which, despite presenting some challenges related to B0 and B1 field inhomogeneities and higher energy deposition, show a great increase in signal-to-noise ratio (SNR) and consequently an increase in spatial resolution compared to 1.5 T-3 T MRI. The use of T2*-weighted images at 7 T also improves GM/WM contrast, allowing better identification of the lesion territory (Metcalf et al., 2010; Pitt et al., 2010) . In addition, the combination of ultra-high field MRI with multichannel RF technology further increases the SNR, thus enabling an increase in spatial resolution, minimizing partial volume effects with adjacent cerebrospinal fluid (CSF) and WM. The advantages of 7 T and multichannel receive technology enabled us to identify in a small MS population different cortical lesion types, based on visual inspection of focal cortical hyperintensities on T2*-weighted fast low-angle shot (FLASH) and T2-weighted turbo spin echo images (Mainero et al., 2009 ). The frequency with which different lesion locations were observed in the cortical ribbon, including subpial lesions, conformed to recent neuropathology descriptions (Bø et al., 2003b) . The number of subpial lesions correlated with clinical disease severity measures, suggesting that ultra-high field MRI is potentially a sensitive and specific marker of MS cortical pathology. Interestingly, T2*-weighted images were the most sensitive for detecting cortical MS lesions, compared to phase and T2-weighted images (Mainero et al., 2009 ). This finding has been corroborated by subsequent histopathological-MR correlations in post-mortem MS brains, which have highlighted the great sensitivity of T2*-weighted imaging to detect cortical MS pathology (Pitt et al., 2010) .
Surface-based analysis methods provide a 2D parametric reconstruction of the cortex obtained from the segmentation of high resolution anatomical scans . This technique allows reconstruction of the pial surface and quantification of MRI signal at a given depth of the cortex . Surface-based methods can therefore be used to quantify and assess the spatial distribution of subpial MR signal changes across different areas of the cortical mantle. Neuropathological examinations showed that in addition to manifesting as circumscribed, focal lesions, subpial demyelination may extend across multiple gyri leading to a phenomenon termed "general subpial demyelination" (Stadelmann et al., 2008) . A surface-based approach has previously been used to measure cortical thinning in patients with MS compared to age-matched controls (Sailer et al., 2003) .
In this study we combined in vivo measures of T2*-weighted signal at 7 T using a 32-channel RF coil with surface-based analysis of the whole brain cortex in 17 patients with MS. According to previous findings showing that cortical lesions appear as areas of hyperintensities on FLASH-T2* 7 T scans (Mainero et al., 2009; Metcalf et al., 2010; Pitt et al., 2010) , we hypothesized that patients with MS would show a significant, diffuse subpial T2* signal increase versus age-matched controls. We also investigated the spatial distribution of subpial T2* signal changes across the cortex to test the hypothesis, supported by some neuropathological data, that cortical demyelinating changes, although disseminated, may show a preferential distribution across the cortical mantle and within cortical sulci and gyri (Bø et al., 2003b; Kutzelnigg and Lassmann, 2006) . Finally, we assessed whether neurological disability as measured by the Expanded Disability Severity Scale (EDSS) and white matter lesion load (WMLL) is related to subpial T2* signal increases in specific cortical regions.
Material and methods

Subjects
Seventeen patients with clinically definite MS (Lublin and Reingold, 1996) , (mean± SD age = 39.8 ± 11.8 years; six males, eleven females), including ten patients with relapsing-remitting (RR) and seven with secondary progressive (SP) MS were included in the study along with nine age-matched controls (five males, four females; mean ± SD age = 34.7 ± 10.8 years). All patients were clinically assessed within a week of the MRI using the Expanded Disability Status Scale (EDSS) (Kurtzke, 1983) . Median EDSS was 3.5 and ranged from 1.0 to 6.5; mean ± disease duration was 11.7 ± 7.8 years.
Patients included in the study had to be relapse-free at least 3 months before study entry and without corticosteroid treatment for at least a month preceding study initiation. All patients except one had received disease-modifying agents for at least 3 months before the MRI. General exclusion criteria were significant medical, psychiatric, or neurologic history (other than MS for patients).
The local ethics committee of our Institution approved all experimental procedures of the study, and written informed consent was obtained from each study participant.
MRI acquisition
Subjects were scanned twice: 1) on a 7 T MRI (Siemens Medical Solutions) using a head gradient and 2) on a 3 T MRI (TIM Trio, Siemens Medical Solutions).
On the 7 T scanner we used an in-house single channel volume coil for RF transmission and an in-house 32-channel phased array coil for reception (Keil et al., 2010) . Due to the tight fitting of the 32-channel coil and the large head size of some subjects, we used an in-house 8-channel phased array coil on 5 patients and one control. At the beginning of the session we performed manual B 0 shimming to minimize susceptibility effects. The imaging protocol included acquisition of T2*-weighted 2D Fast Low Angle Shot (FLASH) spoiled gradient-echo images with the following parameters: axial orientation, TR/TE=1000/22 ms, flip angle =55°, 2-3 slabs of 20 slices each to cover the supratentorial brain, FOV= 192 × 168 mm 2 , resolution = 0.33×0.33×1 mm 3 , bandwidth=30 Hz/pix. The T2* slabs were acquired parallel to each other, with a 6-mm overlap to anticipate potential motion from the subject's head, thereby minimizing the chance of having a gap between slabs after registration to the structural image. We also acquired a T1-weighted 3D magnetization-prepared rapid acquisition gradient echo (MPRAGE) with the following parameters: axial orientation, TR/TI/ TE=2600/1100/3.26 ms, flip angle=9°, FOV=194×192 mm 2 , resolution=0.6×0.6×1.5 mm 3 , bandwidth =200 Hz/pix. On the 3 T scanner we used the body coil for RF excitation and the commercially-available 32-channel coil (Wiggins et al., 2006) for signal reception. The protocol included a high-resolution structural 3D scan with a magnetization-prepared rapid acquisition with multiple gradient echoes (MEMPR) (van der Kouwe et al., 2008) sequence (TR/TI= 2530/ 1200 ms, TE = [1.7; 3.6; 5.4; 7.3] ms, flip angle = 7°, FOV = 230 × 230 mm 2 , resolution = 0.9 × 0.9 × 0.9 mm 3 , bandwidth= 651 Hz/pix). The root mean square (RMS) average of all echoes of the 3 T MEMPR data was used to reconstruct the cortical surface models of each individual. We found this procedure to be more robust when using the 3 T rather than the 7 T MPRAGE image -notably due to the difficulty of having homogeneous B 1 field at 7 T.
Processing Fig. 1 shows the processing pipeline. Cortical surface was reconstructed in each subject on 3 T MEMPR images using FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/). 7 T data were then registered on each individual surface, mapped at a given depth from the pial surface and analyzed using a general linear model (GLM) framework to test for significant T2* signal change between MS patients and controls. Accurate segmentation of the WM/GM interface was sometimes hampered by the presence of hypointense leukocortical lesions on the T1-weighted multiecho MPRAGE images. Hence, we visually checked all subjects (patients and controls) and manually adjusted the reconstructed surface on the Freesurfer editing tools when needed. Editing included both manual adjustment of the surface and automated intensity correction (control points) of the leukocortical lesions included in the cortical surfaces.
Registration
Registration of 7 T scans to the 3 T MEMPR was performed using a two-step procedure: 1) within-subject registration of 7 T images to the 3 T surface and 2) between-subject normalization of each 7 T FLASH scan to a surface template. Fig. 2 shows the pipeline of the within-subject registration. First, the 7 T MPRAGE and 3 T MEMPR were corrected for intensity nonuniformity (Sled et al., 1998) . Then, the 7 T MPRAGE was registered to the 3 T MEMPR using FSL FLIRT (http://www.fmrib.ox.ac.uk/fsl/) (rigidbody transformation with 6 degrees of freedom and mutual information as cost function). An initial registration between each 7 T FLASH slab and the 7 T MPRAGE was then computed from the geometry information in the DICOM header (pre-alignment). If subject moved within the same session, a manual registration was performed using FreeSurfer interface (gross alignment). Next, a fine alignment was produced using a new boundary-based registration (BBR) method (Greve and Fischl, 2009 ) (rigid-body transformation with 6 degrees of freedom). This type of registration is based on the intensity gradient across tissue boundaries and was preferred to a more classical volume-based method due to the low information overlap between the full brain 7 T MPRAGE and one single slab from the 7 T FLASH scan. Visual inspection was systematically conducted to assess proper registration. BBR has been shown to be more accurate and robust when registering partial brain acquisitions to full brain datasets than other commonly used registration procedures (Greve and Fischl, 2009) . Following registration, individual slabs were combined using Freesurfer tools to generate a FLASH-T2* volume containing the full supratentorial brain. The volume was then corrected for intensity non-uniformity (Sled et al., 1998 ) (number of iterations= 2, number of protocol iterations= 40).
Mapping of MRI signal
Given that cortical thickness varies by a substantial amount throughout the cortex, depth was not defined as an absolute distance from the pial surface, but rather as a relative distance between the pial and the white matter surface. This approach ensured better conservation of a layer-specific mapping, which is desirable when addressing neuropathological hypotheses related to the distribution of subpial lesions. MRI signal was therefore sampled along the midline of the cortical ribbon.
Surface-based smoothing
Following surface mapping, signal was smoothed along the surface using a 2D smoothing approach. 2D smoothing offers the advantage of averaging locations along the folding pattern of the cortex, therefore minimizing partial volume effects with neighboring structure (e.g., CSF, white matter). Based on visual inspection, subpial demyelinating lesions could extend across multiple gyri (i.e., several centimeters) and could also manifest as focal small lesions (~2-3 mm). To be sensitive to the two manifestations of subpial demyelination, smoothing was performed using a 10 mm full width at half maximum (FWHM) Gaussian kernel. Subject's motion between acquisitions of FLASH slabs may have introduced a narrow space of null signal between the registered slabs. Smoothing over the whole surface would have drastically decreased the mean signal at the border of these null vertices. To avoid this situation, a mask was generated from the T2* surface (before smoothing) to exclude those vertices from the smoothing procedure and from the rest of the analysis.
Group analysis
All subjects were registered to a surface template 'fsaverage' using FreeSurfer. A general linear model (GLM) was performed to test subpial T2* signal differences between controls and patients across the whole cortex. The GLM was run on a vertex-by-vertex basis after normalizing each individual surface by its mean signal. Regions of significant signal change were identified using the cortical atlas provided by FreeSurfer (Desikan et al., 2006) .
Using the Freesurfer masks of gyri and sulci, we quantitatively assessed whether subpial T2* hyperintensity is preferential distributed within gyri or sulci. In each mask we computed the number of vertices exhibiting significant change (pb 0.05). For comparison, this number was normalized by the total number of vertices in gyri (N= 166763) and sulci (N= 160921).
Correlation with WMLL and EDSS
WMLL was calculated on FLASH-T2* images as previously described (Mainero et al., 2001 ) using the software Alice (Hayden Image Processing Solutions) based on a local threshold contouring technique of white matter hyperintensities. WMLL median (min-max) was 2614.78 (63.7-12439.92) mm 3 . Spearman's correlation between subpial T2*-weighted signal and WMLL was computed on a vertex-byvertex basis for all patients (N= 17) using the FLASH-T2* images normalized by their mean signal (as for the GLM analysis).
Spearman's correlation was also computed between EDSS score and the normalized T2*-weighted signal averaged within the pre-central gyrus, given that EDSS score is mostly weighted towards motor impairment. 
Results
High spatial resolution combined with high contrast enabled the detection of white and gray matter pathology. The amount of artifacts was relatively minimal: one subject exhibited slight motion artifacts (blurring), and one subject exhibited Eddy-current artifacts. Susceptibility artifacts were noticeable in all subjects (patients and controls) in the sinus area, yielding slight signal decrease in the posterior part of the lower brain. Manual registration (gross alignment) was performed on about 90% of the subjects to ensure maximal robustness of fine registration on surfaces. However, since the pre-registration was relatively accurate (i.e., 7 T MPRAGE on the 3 T MEMPRAGE using FSL FLIRT), less than one minute per slab was required to slightly adjust each slab to the surface. Visual inspection confirmed that all 7 T images were successfully registered to the surface. Fig. 3A shows an axial view of a FLASH image from an SPMS patient. A zoomed panel focuses on a cortical lesion (arrow) and shows the result of segmentation with delineation of the pial surface (red) and GM/WM boundary (yellow). Surface mapping yielded relatively homogeneous signal for healthy subjects and visible hyperintensities in MS patients. Fig. 3B shows an example of T2*-weighted signal mapped at 50% depth for a control (left) and another SPMS patient (right) where lesions appear as hyperintensities (arrows).
The GLM analysis detected significant differences between control and MS patients (Fig. 4) . Overall, patients showed increased subpial T2* signal compared to controls in several areas of the frontal, temporal and parietal lobes of both hemispheres (Table 1) . Changes were also detected in occipital areas, mostly on the left hemisphere. We tested the effect of gender on our MR measures by adding a regressor on the GLM analysis. Results showed no significant effect of the gender regressor throughout the cortex (P b 0.05, uncorrected).
We also tested the effect of using the 8-channel coil versus the 32-channel coil, by excluding subjects scanned with the 8-channel coil. Despite slight differences between the two analyses -that could be accounted by different population size, results produced with or without the 8-channel coil were very similar.
The total area of hyperintensities in cortical gyri was two times greater than that in sulci when comparing MS patients versus controls: the number of vertices (normalized by the total number of vertices) exhibiting significant signal changes was 0.0367 in sulci and 0.0679 in gyri. Fig. 5 shows Spearman's correlations (thresholded at P = 0.05) between subpial T2* signal and white matter lesion load. Significant positive correlations were detected in the lateral orbitofrontal, superior parietal, cuneus, precentral and superior frontal regions. Very few negative correlations were detected and were localized in the right middle temporal and the left lingual areas. Fig. 6 shows correlation between EDSS score and T2*-weighted signal averaged in the precentral gyrus was also significant (ρ =0.56, P = 0.02), suggesting a relationship between T2* hyperintensities caused by GM pathology in the primary motor cortex and motor deficits.
Discussion
Surface-based analysis from 7 T data in patients with MS revealed a significant T2*-weighted signal increase in several regions of the cortex, which may reflect the diffuse subpial pathology described in autopsy cases of MS (Bø et al., 2003b; Kidd et al., 1999; Kutzelnigg and Lassmann, 2006; Pitt et al., 2010; Schmierer et al., 2010; Stadelmann et al., 2008) . The proposed method facilitates the characterization of cortical MS lesions in vivo by allowing accurate quantification of subpial signal changes across populations, and their spatial distribution, unbiased by Fig. 2 . Processing pipeline for intra-subject registration (dashed box in Fig. 1 ). Following intensity inhomogeneity correction (intens. corr.), the 7 T MPRAGE was registered on the 3 T MEMPR using FSL FLIRT. An initial registration between each 7 T slab and the 7 T MPRAGE was then computed from the geometry information in the DICOM header (pre-alignment). A manual registration was then performed using FreeSurfer interface (gross alignment). Next, a fine alignment was produced using FreeSurfer boundary-based registration. Following registration, all individual slabs were concatenated to generate a volume containing the full supratentorial brain. The volume was then corrected for intensity non-uniformity.
evaluations based on visual inspection of scans. It also allows examining the entire cortical ribbon, which is technically difficult to achieve in histopathology studies.
The combination of 7 T imaging with multichannel RF technology enabled us to trade off the resultant high SNR for very small voxel volumes (0.1 mm 3 ), necessary to explore various depths of the cortical ribbon and to reduce partial volume effects, especially with adjacent CSF and WM.
Technical challenges
Due to SAR limitation and SNR consideration, we constrained our slice thickness to 1 mm, whereas in-plane resolution was 0.3 × 0.3 mm 2 . Hence, depending on the orientation of the cortical ribbon, it is possible that the sensitivity to detect changes may be lower in regions where the cortical surface is somewhat aligned with the slice due to partial volume effect in the slice direction.
Another challenge at 7 T is that B1 field is highly inhomogeneity and may have led to variable regional sensitivity. To minimize the inter-subject variability, a B1-map was acquired after manual shimming and before acquiring the T2* slabs. Based on the B1-map, we estimated the voltage to target a specific flip angle. To correct for intra-subject B1-inhomogeneities, we applied an intensity inhomogeneity correction algorithm, as has been described in the methods (Sled et al., 1998) . Since this algorithm alters the global signal intensity, we normalized the T2*-weighted signal by the mean value across the cortex before further processing. This procedure minimized regional variabilities of T2*-weighted signal for the GLM and for the correlation analysis. One way to overcome the B1-inhomogeneity 4 . Overlay of the GLM significance maps (− log 10 (P)) on the average pial surface for all patients (N = 17) versus controls (N = 9). Most significant changes in T2*-weighted signal occur in the lateral occipital (1), left parsopercularis (2), sensorimotor region (3), middle frontal (4), precuneus (5), anterior cingulate (6), superior parietal (7). Although the focus here was to study the gray matter, T2*-weighted signal was also mapped around the ventricles, including the corpus callosum (8). Regions were identified using the Freesurfer cortical labeling atlas.
issue would be to acquire multiecho T2*-weighted data and estimate the T2* value.
Source of T2* signal change
In the present study we mostly detected a positive subpial T2*-weighted signal change in MS patients compared to age-matched controls. Although previous MR studies suggested that T2-hyperintense lesions are nonspecific for the underlying pathology and may include varying degrees of inflammation, demyelination, gliosis, edema, degenerative phenomena secondary to local discrete areas of demyelination, and retrograde and trans-synaptic degeneration of fibers passing through WM plaques (Filippi and Rocca, 2010; Lassmann, 2008; Neema et al., 2007b; Stadelmann et al., 2008) , it is well documented that cortical lesions have a lesser inflammatory component than WM lesions, therefore contain fewer iron-rich macrophages (Bø et al., 2003a) . Recent ultra-high field studies of post mortem MS brains reported a significant negative correlation between T2 and myelin concentration in the cortex (Schmierer et al., 2010) , thereby suggesting that hyperintensities detected in the present study are associated with general demyelination. In addition, recent histopathological-MR correlations at 7T MRI in post-mortem MS brains, showed that the majority of cortical lesions appears as areas of increased T2*-weighted signal (Pitt et al., 2010) .
Our data showed that only a small portion of the brain was affected by negative signal change. T2-and T2*-hypointense lesions have been associated with increase in iron content associated with neurodegeneration and inflammation (Filippi and Rocca, 2010; Neema et al., 2007a; Pitt et al., 2010) . Our previous data at 7 T, however, showed that cortical lesions are difficult to detect using phase data (Mainero et al., 2009) .
Given that subpial demyelination is likely a T2 effect, one could argue that the benefits of using ultra-high field MRI for detecting cortical pathology in MS are not as strong as if it would be a susceptibility effect. There is, however, an advantage for using 7T scanners thanks to a substantial increase in signal-to-noise ratio and consequently an increase in the achievable spatial resolution.
Distribution of lesions throughout the cortex
Post mortem examinations of MS brains suggest that all brain lobes can be similarly affected by cortical lesions, although some pathological findings report that cortical demyelination may be preferentially-distributed, with demyelinating processes occurring preferentially in the cingulate gyrus, the insula and the temporobasal cortex (Bø et al., 2003b; Kutzelnigg and Lassmann, 2006) . In previous in vivo studies cortical lesions were mostly detected in the frontal cortex (Bagnato et al., 2006) as well as in temporal, parietal and less commonly observed in occipital regions (Mainero et al., 2009 ). The present study supports a diffuse distribution of lesions in specific areas of the frontal lobe (parsopercularis, precentral gyrus, middle and superior frontal gyrus, orbitofrontal cortex), anterior cingulate, temporal (superior, middle and inferior temporal gyri), and parietal cortices (superior and inferior parietal cortex, precuneus), but also occipital regions mainly in the left hemisphere. Higher density of demyelinating processes around veins may partially explain this distribution across the cortex (Kidd et al., 1999) . Previous studies reported that subpial demyelination might extend over multiple gyri leading to a phenomenon termed the "general subpial demyelination". Other pathological findings described cortical sulci as being preferentially affected by subpial demyelination, underlying the hypothesis that stagnant CSF may induce or predispose subpial demyelination (Peterson et al., 2001) . Here, we found that both gyri and sulci were affected by significant T2* signal increases in MS patients compared to controls; however cortical gyri exhibited a larger area of subpial hyperintensity than sulci. 
Specificity to lesion type
Subpial demyelination may manifest as focal or more diffuse lesions across multiple gyri (Stadelmann et al., 2008) . Here, we used a GLM to test regional signal change between patients and controls. This method is more sensitive to signal intensity changes that appear at higher rate and/or that are similarly distributed across an MS population. If subpial changes were randomly distributed, then our method wouldn't optimally detect them -because of an averaging effect across the population. Therefore in this study we quantified the overall load of subpial intensity changes, which likely included both focal and diffuse pathology. In our previous visual observations of FLASH T2* scans in patients with MS, we found that lesions that extend partially or completely throughout the cortical depth (type III/IV) had the highest incidence. These lesions were preferentially distributed in cortical areas similar to those observed in the present study. Furthermore, pathological data have shown that most subpial lesions affect the outer three or four layers of the cortex but in the largest lesions the entire cortical ribbon was demyelinated (Kutzelnigg and Lassmann, 2006) . Other authors that have measured magnetization transfer ratio (MTR) in the cortex of MS patients have shown that larger MTR changes occur in the superficial layer of the cortex (Derakhshan et al., 2009 ).
Impact of cortical atrophy
Cortical atrophy is known to occur in MS and may be associated with T2* signal increase. We recently showed a strong relation between cortical thinning and the overall number of subpial (type III/ IV) cortical lesions, but no association with the overall number of leukocortical lesions (Mainero et al., 2010) . The spatial distribution of cortical thinning partly, but not completely, overlap with the distribution of diffuse subpial signal T2* changes at 7T, and with correlation maps between the number of type III/IV lesions and cortical thickness across both hemispheres. Although these findings need to be confirmed in a larger MS population, they do suggest that subpial lesions and cortical atrophy may not necessarily share a "cause-effect" relationship but reflect two different aspects of the same degenerative process.
Correlation with WMLL and disability
In this study we mostly found positive correlations between WMLL and T2*-weighted signal in the lateral orbitofrontal, superior parietal, cuneus, precentral and superior frontal regions. These cortical regions also showed increased T2* signal in patients relative to controls. Although we did not include measurements of NAWM involvement, our finding might either reflect a true interdependence or a stage dependent common pathogenic pathway for WM and cortical tissue injury. Longitudinal evaluations, as well as assessment of damage along specific WM tracts with diffusion imaging tractography can be used in future studies to investigate this aspect of MS pathology.
Significant correlation was also detected between between EDSS score and T2*-weighted signal averaged in the primary motor cortex (precentral gyrus). This finding represents a major step forward from our previous observation of a positive correlation between EDSS and the overall number of subpial lesions in subjects with MS (Mainero et al., 2009) . Other studies also reported correlations between EDSS, intracortical T2 lesion load (Calabrese et al., 2007; Fisniku et al., 2008; Li et al., 2006; Mainero et al., 2009) , and reduced MTR in the right primary motor cortex (Khaleeli et al., 2007) .
Several studies have reported a strong relationship between neocortical atrophy and clinical status (EDSS and disease duration) (De Stefano et al., 2003; Sanfilipo et al., 2005) . Although GM atrophy and lesion load are known to be good predictors of clinical disability and clinical outcome (Charil et al., 2007; Khaleeli et al., 2008) , the causal relationship between these two surrogate markers is still uncertain (Chard and Miller, 2009; Miller et al., 2002) . Mapping the topography of cortical lesions and atrophy across time could potentially provide new insights into the interaction of these two markers (Mainero et al., 2010) . Furthermore, the use of more sensitive clinical markers of disease status and outcome including neuropsychological assessments can provide increased specificity and sensitivity of cortical regional and global involvement than EDSS, which is known to be heavily weighted towards motor disability.
Conclusion
This study demonstrates the feasibility of surface-based analysis of T2*-weighted signal from 7T acquisition with a highly parallelized RF coil. Applying this technique in MS patients and age-matched controls, we detected an overall signal increase in specific areas of the cortex in patients, providing evidence for the in vivo existence of distributed subpial changes in MS. Our surface-based analysis of subpial T2* signal allowed us to quantify and spatially characterize GM cortical pathology via an accurate mapping of the neocortex across a population of subjects with MS, and potentially across different disease phenotypes. This method could therefore be valuable for understanding the pathogenesis of MS cortical lesions, and for monitoring the effect of new treatments (Chard and Miller, 2009) . Other metrics sensitive to MS GM pathology can be combined with a similar surface-based approach to further investigate the nature of cortical changes in vivo. These include: T1, T2 or T2* mapping (Hammond et al., 2008; Tardif et al., 2010) , MTR (Derakhshan et al., 2009) , and fractional anisotropy measures derived from diffusion tensor imaging (Poonawalla et al., 2008) . Computational methods also provide a means to quantify MR signal in deep gray matter structures. Given that deep nuclei in MS are known to be affected by GM demyelination (Pirko et al., 2007) , mapping MR signal change in deeper sub-cortical structures such as in the basal ganglia and the thalamus may help understanding how abnormalities in these structures (e.g. iron deposit and neurodegenerative processes) are associated with MS outcome.
